Abstract Methane and brine leakage rates and associated time scales along the cemented casing of a hypothetical decommissioned shale gas well have been assessed with a multiphase flow and multicomponent numerical model. The conceptual model used for the simulations assumes that the target shale formation is 200 m thick, overlain by a 750 m thick caprock, which is in turn overlain by a 50 m thick surficial sand aquifer, the 1000 m geological sequence being intersected by a fully penetrating borehole. This succession of geological units is representative of the region targeted for shale gas exploration in the St. Lawrence Lowlands (Qu ebec, Canada). The simulations aimed at assessing the impact of well casing cementation quality on methane and brine leakage at the base of a surficial aquifer. The leakage of fluids can subsequently lead to the contamination of groundwater resources and/or, in the case of methane migration to ground surface, to an increase in greenhouse gas emissions. The minimum reported surface casing vent flow (measured at ground level) for shale gas wells in Quebec (0.01 m 3 /d) is used as a reference to evaluate the impact of well casing cementation quality on methane and brine migration. The simulations suggest that an adequately cemented borehole (with a casing annulus permeability k c 1 mD) can prevent methane and brine leakage over a time scale of up to 100 years. However, a poorly cemented borehole (k c ! 10 mD) could yield methane leakage rates at the base of an aquifer ranging from 0.04 m 3 /d to more than 100 m 3 /d, depending on the permeability of the target shale gas formation after abandonment and on the quantity of mobile gas in the formation. These values are compatible with surface casing vent flows reported for shale gas wells in the St. Lawrence Lowlands (Quebec, Canada). The simulated travel time of methane from the target shale formation to the surficial aquifer is between a few months and 30 years, depending on cementation quality and hydrodynamic properties of the casing annulus. Simulated longterm brine leakage rates after 100 years for poorly cemented boreholes are on the order of 10 25 m 3 /d (10 mL/d) to 10 23 m 3 /d (1 L/d). Based on scoping calculations with a well-mixed aquifer model, these rates are unlikely to have a major impact on groundwater quality in a confined aquifer since they would only increase the chloride concentration in a pristine aquifer to 1 mg/L, which is significantly below the commonly recommended aesthetic objective of 250 mg/L for chloride.
Introduction
Natural gas (NG), which is currently the third-largest global energy source, is the world's fastest growing fossil fuel. According to the U.S. Energy Information Administration [2013] , the total world consumption of natural gas for industrial use will increase by an average of 1.5% per year through 2040, while gas consumption in the electric power sector will grow by 2.0% per year.
Shale gas is being produced in large volumes in the United States, and notwithstanding recent low prices, there are plans for development in China, South America, Europe, Southern Africa, and Australia. In Canada, shale gas is already being exploited in British Columbia and to a lesser extent in Alberta, and potential important reserves exist in Quebec, New Brunswick, Nova Scotia, and perhaps in the Yukon and Northwest Territories [Council of Canadian Academies (CCA), 2014]. The first exclusively shale gas production in Canada began in 2007 in northeastern BC (Horn River Basin) . The current drilling and production activities for shale gas in Canada are mainly in northeast British Columbia (Horn River Basin, Montney Play Trend, Cordova Embayment, and Liard Basin) [CCA, 2014; Rivard et al., 2014] . There is currently no shale gas production in Quebec, New Brunswick, and Nova Scotia, which have all imposed moratoria on commercial gas development pending further studies. Depending on factors such as future natural gas prices and government regulations, further development of Canadian shale gas resources could potentially span many Since methane is also found naturally in many shallow aquifers, distinguishing natural from anthropogenic methane is critical for identifying pathways and for assessing impacts. Baseline surveys of methane and groundwater geochemistry are invaluable tools to identify natural groundwater conditions prior to any shale gas development. Pinti et al. [2013] , for example, surveyed background methane in shallow aquifers of the St. Lawrence Lowlands, Quebec, Canada. They found concentrations varying from 7 3 10 24 to 46 mg/L, with most samples identified through isotopic analysis as being biogenic in origin. One sample showed a thermogenic signature, suggesting a possible deeper source (but not necessarily the target shale), while one sample showed a mixed origin.
Although public attention over the environmental effects of shale gas development has largely focused on the contamination of water resources, methane emissions from natural gas systems can also escape into the atmosphere where methane acts as a powerful greenhouse gas [Environmental Protection Agency (EPA), 2013] . Compared to carbon dioxide, methane has a much stronger greenhouse gas (GHG) effect, but carbon dioxide typically remains in the atmosphere almost ten times longer than methane. Although discussions have been raised on the GHG implications of methane over a 20 year timeline [Howarth et al., 2011; Wigley, 2011] and over 100 years [Schrag, 2012] , there is no debate that in all cases, unburned methane released to the atmosphere is a significant environmental risk because of its contribution to climate change.
Fugitive emissions from natural gas systems (i.e., wells, processing facilities and transmission and distribution pipelines) have been identified as one of the principle methane emission sources in the U.S. by
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10.1002/2014WR016146 the U.S. Environmental Protection Agency [EPA, 2013] . Bradbury et al. [2013] , using data from EPA [2013] , estimates that the methane emissions from U.S. natural gas systems are approximately 1.54% of total U.S. gas production. Canadian estimates, based on information from the Canadian Association of Petroleum Producers (CAPP), are considerably lower at about 0.4% [(S&T) 2 Consultants Inc., 2012]. As discussed by CCA [2014] , since 2002, various researchers have attempted to quantify estimated methane emissions from shale gas activities [e.g., Howarth et al., 2011; O'Sullivan and Paltsev, 2012; EPA, 2013] , however, the estimates of GHG emissions from shale gas production and use are highly uncertain and it remains difficult to quantify methane emissions for the complete life cycle of shale gas development (i.e., during drilling and well completion (venting and flaring), during production, processing, and transport to market, and after well abandonment).
For a leak to occur, three conditions must exist: (1) a source (a gas-bearing formation), (2) a driving force such as buoyancy and/or a pressure gradient, and (3) a leakage pathway [Watson, 2004] . One of the most common pathways is along the wellbore [e.g., Dusseault et al., 2000; Jackson et al., 2013; Vidic et al., 2013; CCA, 2014; Davies et al., 2014] . Well integrity to prevent leaks of gas and other fluids to groundwater or to ground surface is a cornerstone of environmental protection in all oil and gas drilling operations. Well integrity can be compromised as a result of poor completion or abandonment, formation damage around the wellbore, geomechanical effects, geochemical degradation of well cements, casing and tubing corrosion, and casing failure as a result of thermal or mechanical stresses (see King and King [2013] for a review). Poor well construction is a critical issue throughout the oil and gas industry and is not unique to any specific region, type of well, drilling period or sector of activity. Erno and Schmitz [1996] , for example, reported that 22% of 435 abandoned wells monitored between 1987 and 1993 in Saskatchewan, Canada, were leaking because of well integrity failure. Elsewhere, the Norwegian Petroleum Safety Authority (PSA) has reported that 15% of 323 production wells, and 33% of 83 injection wells drilled between 1970 and 2006 on the Norwegian Continental Shelf (NCS) had some kind of well integrity problem (related to tubing, annulus safety valves, casing or cement), while 7% of these wells had to be shut-in (closed) due to well integrity issues [Vignes and Aadnøy, 2010] . In a more recent investigation, Davies et al. [2014] reported that 6.3% of 8030 wells drilled between 1958 and 2013 in the Marcellus shale of Pennsylvania in the northeast United States showed well integrity and barrier failure and 1.3% of these wells were leaking to surface. These results, among others reported in the literature for other countries (see Davies et al. [2014] for a complete review) highlight the impact of well construction on the migration of fluids to groundwater and to ground surface.
According to several authors, the most frequent failure in a wellbore is casing or well annulus failure [e.g., Cooke, 1979; Cheung and Beirute, 1985; Sepos and Cart, 1985; Schmitz et al., 1996; Brooks et al., 2008; Watson and Bachu, 2009; Gorody, 2012; Muehlenbachs, 2012; Dusseault and Jackson, 2014] . Any failure to seal gasproducing intervals (whether or not targeted as the producing zone) and/or inadequate cementation of the borehole casing annulus (i.e., discontinuities and microchannels in the cement column, between the cement and surrounding rock formations and between the casing and surrounding cement) can create a leakage pathway [Watson and Bachu, 2009] which can lead to upward migration of fluids (in this study including formation fluid and gas) by advective or diffusive processes [Dusseault et al., 2000] . An example of casing annulus failure was reported in Bainbridge Township (Ohio, USA) [Bair et al., submitted report, 2010] , where inadequate cementation of the production casing between the target Clinton sandstone gas reservoir and the overlying Newburg gas-bearing zone allowed gas from both formations to enter the casing annulus and migrate upward along the wellbore. Watson and Bachu [2009] reported that 4.5% of the 315,000 wells drilled between 1910 and 2004 in Alberta, Canada, had either surface casing vent flow (SCVF, leakage of gas through the annulus between the production and surface casings) or had gas migration (GM) through the soil, from outside the outer casing. As concluded by these authors, uncemented and/or inadequately cemented casings are the main cause of SCVFs/GM. In another study, Brufatto et al. [2003] reported that for 42% of 15,500 producing, shut-in, and temporarily abandoned wells on the outer continental shelf of the United States in the Gulf of Mexico, sustained casing pressure (SCP, or pressure buildup in the casing annulus) exists in at least one of the well's casing annuli (47.1% in the production casing, 26.2% in the surface casing, 16.3% in the intermediate casing, and 10.4% in the conductor casing). For these wells, poor cementation of casing annuli was identified as the most frequent cause of SCP. In Quebec, Canada, 62% of the 29 shale gas exploration wells drilled in the St. Lawrence Lowlands had SCVFs or showed traces of gas in the soil around the wellbore [BAPE, 2011] .
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Although the primary mechanisms contributing to gas migration are understood, it is difficult to predict the risk of contamination at individual sites because of varying geological conditions. To successfully protect freshwater and air from fluid and gas migration along wells, the contributing factors and processes occurring along the casing annulus of producing, injection and abandoned wells must be better understood and analyzed. To our knowledge, these issues are not yet fully described in the literature for conventional and unconventional wells. In the very limited published works [e.g., Checkai, 2012; Tao and Bryant, 2014] , only the role of casing annulus properties is discussed without taking into account the contribution of the geological formations as the source and receiver of fluids. This study was therefore designed to help fill this knowledge gap-focusing on the role of geological formations on the migration of fluids along the casing annulus of a typical decommissioned or abandoned shale gas well.
To better understand the role of the casing annulus and formation hydrodynamic properties on the migration of gas and formation fluids, a conceptual model of a decommissioned or abandoned shale gas well was first developed. A parametric study was then conducted with a numerical model, assuming isothermal two-phase, two-component flow. The model is not calibrated, but the simulations are used to identify the possible range of leakage rates and the time and space scales for gas and contaminant migration along the casing of a decommissioned shale gas well using a range of realistic geological and hydrogeological data from the sedimentary St. Lawrence Lowlands Basin, Quebec, Canada. Although observed properties of the geological formations located in the St. Lawrence Lowlands Basin are used in the numerical model, the conclusions of this work have broad outreach due to the relatively simplified conceptual model and similarity of hydrodynamic properties (porosity and permeability) of other shale formations and their overlying formations.
It is important to note that the main goal of this work is to estimate the possible range of brine and methane leakage rates at the base of a surficial aquifer. Once the fluids reach the base of the aquifer, they can lead to the contamination of groundwater resources or, in the case of methane leakage to the surface, to an increase in greenhouse gas emissions. The effect of brine leakage on the chloride concentrations in an aquifer is discussed using a well-mixed reservoir model. The effect of methane leakage on the groundwater chemistry and climate change is beyond the scope of this paper and will not be discussed here.
Well Construction and Abandonment, and Causes of Casing Annulus Failure
Although there is some variability in the details of well construction because of varying geologic, environmental, and operational settings, the basic practices involved in drilling and completion operations are similar for all oil and gas wells, including those for shale gas [American Petroleum Institute (API), 2009]. The main goal of well design is to (1) ensure the safe production of hydrocarbons by containing them inside the production tubing within the wellbore, (2) protect groundwater resources and air from leakage of fluids, (3) isolate the productive formations from other formations, and (4) to ensure the proper execution of hydraulic fracturing and other stimulation operations [API, 2009] .
Oil and gas wells are lined with steel casings and are cemented between the casing and formation, generally from the bottom of the wellbore to the surface. Normally, four casing strings of predetermined steel grades and diameters are set in the well at various depths that are specified by a geologist. These four strings are the conductor, surface, intermediate, and production casing. The conductor casing prevents soil and rock from caving into the borehole during initiation of drilling operations [Dusseault and Jackson, 2014] . The surface casing secures the shallow formations against fluid blowouts and against drilling mud filtrate and pressurization [Dusseault et al., 2000; Alberta Energy Regulator (AER), 2009; Dusseault and Jackson, 2014] . Many jurisdictions will specify a minimum depth for the surface casing, with the requirements that the bottom of the surface casing string be placed at a defined distance below potable groundwater [e.g., AER, 2009; U.S. Department of Energy (USDE), 2009]. The intermediate casing is optional and is only used in deep wells under specific conditions, such as protection against caving of weak or abnormally pressured formations or for additional control of fluid flow and pressure [Dusseault et al., 2000; API, 2009; Dusseault and Jackson, 2014] . The production casing is used to isolate production zones and contains the components (such as hangers and downhole valves) for completion and production [Alberta Energy Regulator (AER), 2010]. In designing casing strings, the weight and grade must be selected such that the casing string will not fail
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under the loads to which it will be subjected during drilling, completion and production [e.g., Clark, 1987; API, 2009; USDE, 2009] .
Each cased section of the wellbore requires a cementing operation which consists of the placement of cement outside the casing in the exterior annulus. The role of cement is to support the casing string, protect the steel casing against corrosion, and to provide a hydraulic seal that will prevent fluid communication between zones [Drilling and Completion Committee, 1995; Nelson, 2012] . To cement the casing, the cement slurry is pumped down the casing, forcing it up from the bottom of the casing into the space between the outside of the casing and the wellbore, called the annulus. The surface casing is cemented completely to the surface, and in case of any failure, remedial cementing is required. Intermediate and production casings are completely or partially cemented. In case of partial cementation, the required cement top should be defined according to the regulations and guidelines (e.g., see Alberta Energy Regulator (AER) [1990] , sections 3 and 5 for a detailed discussion on casing cementing regulations and minimum requirements in Alberta, Canada). With the objective of protecting groundwater resources, most regulations or guidelines for cementation depths are based on the depth of the potable groundwater zone or some minimum distance below it [e.g., AER, 1990] . The overall effectiveness of the seal depends on the amount of cement fill, the class of the set cement, elimination of mud and gas channels within the cement, and the complete bonding of the cement to the casing and the formation [Watson and Bachu, 2009] . Depending on the specific geologic conditions (e.g., temperature, pressure, and presence of sulfates) and the depth of the well, different classes of Portland cement (ranging from A to H) can be used (see American Petroleum Institute [2002] for a detailed discussion).
At the end of the production, when the reservoir has been depleted, the wellbore must be plugged and abandoned (P&A). The main objective of abandonment is to isolate the depleted reservoir as well as any fluid-bearing formation penetrated by the wellbore to prevent any subsurface-surface interactions [Barclay et al., 2001; Diller, 2011] . The practices of well plugging depend on the type of well (i.e., injection or production), nature of surrounding geology, location of fluid-bearing formations, and type of fluids. Specific requirements on the materials and placement methods for plugs are therefore defined in different regulations. In this work, the regulations of the Alberta Energy Regulator (AER) [AER, 2010] and the recommendations of the American Petroleum Institute (API) [American Petroleum Institute (API), 2000] are used to discuss well abandonment requirements. Moreover, as our work focuses on the migration of methane and formation fluid along the casing annulus of vertical shale gas wells, only the abandonment requirements of these wells, which are similar to those for conventional wells, are discussed. For the abandonment requirements of horizontal wells in Alberta, Canada, readers are referred to sections 5.3.6 and 5.3.7 of AER [2010] .
To abandon a well, cement or mechanical plugs have to be placed at selected intervals in the wellbore to prevent fluid movement. Perforated productive zones and injection intervals should also be isolated and plugged to prevent fluid entry into the wellbore. Three main types of zonal abandonment are employed: (1) a cement plug across or above the perforations, (2) a bridge-plug capped with cement above the perforations, and (3) a retainer and cement squeezed into the perforations [API, 2000; AER, 2010] . Wellbores must be abandoned with inhibited fluids (corrosion inhibitors) inside the casing and must be pressure tested at a stabilized pressure of 7000 kPa for 10 min [AER, 2010] . When cased holes are abandoned, measures are required to prevent fluid migration through the casing and through any uncemented annular space between the casing and the borehole or the next larger casing. In case of an uncemented or partially cemented casing annulus, porous zones behind the casing that are not isolated from each other have to be cemented by perforating the casing and circulating cement to the surface. If cement circulation is not achieved, a cement ''squeeze'' must be conducted to ensure isolation [API, 2000; AER, 2010] . The requirement of zonal isolation behind the casing described above has only recently been added to the regulations (for example, in 2003 in Alberta). Therefore, a large number of old wells, constructed and abandoned before zonal isolation was required, have low-annular-cement tops, which allows different zones to be in hydraulic communication outside the casing. In Alberta, all wells drilled and cased must be checked for SCVF and GM before final abandonment; i.e., cutting and capping the production and surface casing [AER, 2010] . For wells that have positive SCVFs and which exhibit gas-flow rates greater than 300 m 3 /d, or that show stabilized buildup pressures greater than 9.8 kPa/m, the flow must be stopped before abandonment [AER, 2010] .
As discussed in section 1, a common leakage pathway in a wellbore is created from discontinuities and microchannels in the casing annulus cement. Although the exact cause of cement channeling is unknown, [Bonett and Pafitis, 1996; Zhang and Bachu, 2011] , (2) presence of preexisting high-pressure gas in the formations near the upper portion of the wellbore [Bol et al., 1991] , (3) cement shrinkage leading to the upward propagation of fractures in cement driven by pressurized gas [Dusseault et al., 2000; Wang and Taleghani, 2014] , (4) gas and formation fluid invasion into the cement slurry due to pressure loss within the cement column during curing [Watson, 2004; Macedo et al., 2012] , (5) cement loss into gas-bearing or nearby formations due to high pressures in the cement column [Vidic et al., 2013] , and (6) casing eccentricity from poor centralizer positioning during drilling [Bellabarba et al., 2008] . These failures can create the necessary conditions for pressurized gas (and possibly fracturing and formation fluids) to escape from the producing zone or from shallower gas-rich formations, enter the intermediate and production casing annulus, migrate up and finally invade shallow aquifers. Cement failure following well closure (well plugging) and abandonment can also create migration pathways within the casing.
Temperature surveys performed shortly after the cementing job and after casing pressure testing in conjunction with cement bond logs are the most common techniques used to evaluate casing integrity and to ensure that cement is present behind the casing. However, cement bond logs do not always allow the detection of all possible discontinuities. The presence of microchannels, low-density cement, low-porosity formations (such as shale), and the eccentric position of casings are the main factors that can influence the quality of cement bond logs [Boyd et al., 2006] .
For assessment of the risk of CO 2 leakage from storage sites, wellbore integrity and quality of the casing annulus were recently investigated by experimental (field and lab scale) studies [Bachu and Bennion, 2009; Celia et al, 2009; Crow et al., 2010; Liteanu and Spiers, 2010] and using theoretical analyses [Checkai, 2012; Tao and Bryant, 2014] . Bachu and Bennion [2009] conducted a series of laboratory experiments on cement samples representing the annular space between the casing and the formation. They emplaced a Portland class ''G'' cement (a commonly used cement for oil & gas wells) in an annular space with inside and outside diameters of about 40 and 70 mm, respectively, and a length of about 100 mm. Their experimental results showed that if both the cement and the bond with the casing are of good quality, then the equivalent (bulk) permeability of the casing annulus will be extremely low (e.g., 10 26 mD). However, gaps along the cement/casing interface and/or fractures in the cement matrix can significantly increase the equivalent permeability (which can reach 10 21 to 1 mD). Crow et al. [2010] and Gasda et al. [2013] studied the casing integrity of several wells using a Vertical Interference Test (VIT), which is a downhole test designed to measure hydraulic connection of the casing annulus over a selected well section. Their results indicate that the equivalent permeability of a casing annulus can range from 1 mD to more than 100 mD. Using two mathematical models (SCP and SCVF models), Checkai [2012] and Tao and Bryant [2014] estimated the equivalent permeabilities of about 300 wellbores in six different oil and gas fields that exhibited SCP or SCVF. Uncertain parameters that affect the estimated permeability (i.e., leakage depth, length of cement column (or mud column) and mud density), were accounted for by a Monte-Carlo simulation approach, yielding a distribution of equivalent leakage permeabilities for each measurement of SCP or SCVF. Their results showed that the equivalent permeability of a casing annulus can span 6 orders of magnitude from 10 23 to 10 3 mD with most values within 3 orders of magnitude (i.e., 10 22 210 mD). Moreover, the authors reported a strong correlation between the equivalent permeability of the casing annulus, the pressure buildup, and the casing vent flow.
Industry and regulatory agencies have recently focused their attention on repairing production and recently decommissioned wells at which SCVFs and GM had been observed [Erno and Schmitz, 1996 ; Alberta Energy Regulator (AER), 2013; C. Lamontagne, SCVF of Quebec, Canada shale gas wells, personal communication, 2014; K. Parsonage, SCVF of British Columbia Wellbores, personal communication, 2014] . However, the potential for leakage in previously abandoned wells still remains a major issue that needs to be better understood [Watson and Bachu, 2009] . Oil and gas wells can develop gas leaks along the casing years after production has ceased and the well has been plugged and abandoned. As discussed by Dusseault et al. [2000] , this delay in the appearance of leaks is related to high casing pressures during the production phase, which keeps microchannels tightly closed. However, as the production pressure decreases over time, gas can invade the microchannels (by diffusion and advection) and generate an excess driving pressure at the upper tip of the microchannels. This excess pressure can open, propagate, and finally connect the microchannels in the vertical direction. Once microchannel continuity is achieved, gas and possibly formation Water Resources Research 10.1002/2014WR016146 fluids can migrate along the casing annulus and reach the surface and/or permeable formations, for example, a surficial aquifer. With these issues of well integrity in mind, this paper will provide insights into the behavior of gas and fluid migration through a cemented well annulus. The St. Lawrence Lowlands are located in southern Quebec (Canada) and are part of the St. Lawrence platform (Figure 1 ), which is a Cambrian-Ordovician sedimentary succession deposited on Precambrian bedrock [Globensky, 1987] . The sedimentary succession is composed, from bottom to top, of sandstones of the Potsdam Group, dolomites of the Beekmantown Group, and limestones of the Chazy, Black River, and Trenton Groups. The Trenton Group is overlain by the calcareous black mudstone of the Utica shale. The Utica shale unit is distinguished from younger siliciclastic facies by its higher calcite content, fine-grained limestone beds, and lack of siltstone and sandstone interbeds. The Utica shale is generally overlain conformably by the Lorraine Group which is a flysch succession dominated by mudstones and siltstones with locally thicker-bedded sandstones. The Lorraine Group is the thickest and the most exposed unit of the St. Lawrence Platform [Globensky, 1987 [Globensky, , 1993 and consists of two formations: the Pontgrav e and Nicolet formations (the Pontgrav e formation is coarser grained and more calcareous compared to the underlying Nicolet formation). These sedimentary rocks are overlain by surficial unconsolidated sediments deposited during and after the last glaciation period. These surficial deposits can have a thickness up to 80 m and are composed of a highly heterogeneous succession of clays, sands, and gravels, the latter of which are host to important local and regional freshwater aquifers.
Geological
The exploration for oil and gas in the St. Lawrence platform began in 1860 and, to date, 280 exploration and exploitation oil and gas wells (including 29 shale gas wells) have been drilled. Two conventional NG reservoirs have been exploited in the St. Lawrence Lowlands platform. The first was in production from 1965 to 1976 in Pointe-du-Lac, near Trois-Rivières (91 million m 3 or 3.2 Bcf), and the second was in production from 1980 to 1994 in Saint-Flavien (163 million m 3 or 5.7 Bcf). Thermogenic gas from the Utica shale was demonstrated to be present in the St. Flavien field whereas a mixture of thermogenic and biogenic gas was recognized in the Pointe-du-Lac reservoir [Lavoie et al., 2009] . Both of these reservoirs have since been converted into storage reservoirs and there is currently no natural gas production in Quebec.
Shale gas exploration in the organic-rich Upper Ordovician Utica shale began in 2006. A total of 18 vertical wells, including 11 hydraulically fractured, and 11 horizontal wells, including 7 which were hydraulically fractured, were drilled prior to 2010. Since August 2010, all shale gas exploration in the St. Lawrence Lowlands has been suspended, as the Quebec government initiated a series of public hearings to gather local citizen and citizen group input. Concerns that have been voiced in connection with the development of shale gas resources in the St. Lawrence Lowlands primarily include potential impacts to water quality and quantity, air quality, health impacts, nuisances (traffic and noise), and socioeconomic issues [BAPE, 2011 [BAPE, , 2014 . These concerns parallel those voiced in other regions or countries where shale gas production is yet to occur or is in its infancy [e.g., Ewen et al., 2012] . The Utica shale subsurface thermal domain is mostly dominated by dry gas conditions, although a liquidrich (condensate and oil) zone is known in the NW area of the St. Lawrence Platform. Analyses of nine gas samples available in the Oil and Gas Geoscience Information System of the Ministry of Energy and Natural resources (MERN) of Quebec, Canada, (http://sigpeg.mrn.gouv.qc.ca/gpg/classes/igpg) revealed that gas from the Utica shale is mainly composed of methane with an average mole fraction of 97.1%, the remainder (2.90%) being composed of ethane (1.6%), nitrogen (0.96%), propane (0.12%), carbon dioxide (0.08%), iso and n-butane (0.04%), iso and n-pentane and heavier components (0.04%), helium (0.03%), and hydrogen (0.01%); no trace of hydrogen sulfide was reported for these gas samples. 
Conceptual Model
The conceptual model used here is based on a cased decommissioned shale gas well which is assumed to contain a vertical hydraulic connection between a deep shale gas reservoir and an overlying freshwater aquifer ( Figure 2 ). These units are otherwise hydraulically disconnected because they are separated by a thick lowpermeability barrier unit (Lorraine Group). As no subsurface permeable formation is emplaced within the Lorraine Group, this conceptual model therefore corresponds to the most conservative (worst-case) scenario for upward gas migration. The well is assumed abandoned because of reservoir depletion following a long-term production period.
The well intersects a 1000 m thick succession of units that contain, from bottom to top, 200 m of Utica shale (the target formation) overlain by 750 m of low-permeable caprock (Lorraine Group), which is in turn overlain by a 50 m thick surficial sand aquifer. These thicknesses are conservative values based on the results of Th eriault [2012] . The wellbore has an external diameter of 200 mm with a casing annulus thickness of 50 mm. The wellbore diameter and the casing annulus thickness correspond to the maximum outside diameter of production casings and the maximum cement thickness between the production casing and the rock formation, respectively, for shale gas wells in the St. Lawrence Lowlands.
The conceptual model only includes the production casing. Dusseault et al. [2000] indicate that the surface casing has a negligible effect on gas migration as its main role is to secure the shallow formations against blowouts and drilling mud pressurization. In addition, the intermediate casing is optional and is only used in deep wells under specific conditions, such as protection against caving of weak or abnormally pressured formations or for additional control of fluid flow and pressure. Because their impact on gas migration is assumed negligible, the surface and intermediate casings are not included in the conceptual model.
Migration of methane and formation fluid within the geological formations and along the casing annulus depends on several factors, including physical properties of the formations, formation fluid pressures, as well as fluid density, any casing corrosion or failure, and possible long-term degradation of cement emplaced in the casing annulus. Advection and diffusion of gas and formation fluids across all units is accounted for in the conceptual model. However, to simplify the model, it is assumed here that: (1) all materials are homogeneous, (2) the casing is not corroded and all perforated zones of the casing annulus are completely and perfectly cemented before final closure and abandonment of the well, thus preventing fluid exchange between the casing annulus and the wellbore and making the casing annulus the preferred leakage pathway, (3) the casing annulus is completely cemented, (4) any possible degradation of the cement in the casing annulus occurs during the production phase such that porosity and permeability of the casing annulus remain constant after abandonment, and (5) no leakage occurs until after decommissioning and abandonment since during the production phase (when high pressure gradients toward the borehole dominate buoyancy effects), flow is mainly directed toward the open internal wellbore. After abandonment, depending on the hydrodynamic properties of the formations and the casing annulus, fluids may enter the casing annulus, migrate upward, and then reach the base of the shallow aquifer. Only the vertical portion of 
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the well is considered, since it is along this portion of the well that vertical migration to surface can occur. The horizontal portion of the well could also serve as a preferential pathway for fluids to reach the vertical part of the wellbore, but the horizontal portion is not considered for this study.
Numerical Model and Simulation Strategy
Modeling Approach
The numerical simulations are conducted using the DuMu x code [Flemisch et al., 2011] , which solves an implicitly coupled, isothermal two-phase flow, and two-component mass transport system. The liquid and gas phases are considered here and the two components are brine and methane. The mass balance equation for each component is:
where c is the component (with c 5 b for brine and c 5 m for methane), a represents either the liquid-phase l or the gas-phase g, e is porosity, q (kg/m Table 1 .
The liquid and gas phases are assumed compressible in this model and their density depends on pressure, temperature and phase composition. In this model, methane can exist as a separate gas phase (with a limited amount of water vapor) or dissolved in the liquid phase. As explained in section 3.1, gas samples from the Utica shale are mainly composed of methane with an average mole fraction of about 0.97. The effect of impurities on the density and viscosity of the gas phase was investigated considering the average gas composition of Utica shale samples. The density and viscosity of the gas mixture are calculated considering, respectively, an ideal mixture q5 X q i x i 3p; T ð Þand the model proposed by Pedersen et al. [1984] , and compared to the properties of pure methane. The results revealed a negligible influence of the impurities on the density and viscosity of the gas phase due to the high fraction of methane in the gas mixture; average mean relative errors between the density and viscosity of pure methane and the gas mixture were 2% and 0.6% in the ranges of pressure and temperature considered in the simulations. Therefore, their effects were neglected in this work. Brine is considered as a single pseudocomponent (water 1 dissolved solids) and represents water with a given salinity. Although salinity can vary in space and time, it is assumed to remain [Ngoc et al., 2012] . As no data were available for the salinities (and salinity gradients) within the Utica shale and Lorraine Group, a constant salinity of 150 g/L (the lowest value reported for the Trenton Group) was considered for the whole domain. Compared to the salinity of 150 g/L considered in this work, a lower salinity would reduce the density difference between the gas and brine which would decrease the buoyancy driving force acting on the gas, while a higher salinity would increase the buoyancy force. The effect of salinity on the numerical results is beyond the scope of this paper and will not be discussed here.
Equation (1) is spatially and temporally discretized using, respectively, the node-centered finite volume scheme and the implicit Euler method (see Huber and Helmig [2000] for a complete review). The number of primary unknown variables is reduced to two by using the following three constitutive relations: (1) capillary pressure p c 5p g 2p l , (2) X S a 51, and (3) X a x c a 51. Depending on the flow scenarios, the system of equations can be solved for p and x (if only one phase is present) or p and S (if both phases are present). The primary variable switch (phase appearance) occurs when the equilibrium mole fraction (or concentration) of a component in a phase is exceeded. The equilibrium mole fractions of methane and water in the liquid and gas phases are calculated using the thermodynamic model proposed by Zirrahi et al. [2012] :
where m and w represent the methane and water components, respectively, u is the fugacity coefficient, c is the activity coefficient, H (Pa) is Henry's law constant, v 1 (m 3 /mol) is the partial molar volume, K 0 (Pa) is the equilibrium constant, and R (J/molÁK) is the gas constant. Details on the parameters used for the equilibrium mole fraction calculation are also presented in Table 1 . Zirrahi et al. [2012] evaluated the performance of this model by comparing their results with experimental and numerical data over temperature, pressure, and salinity ranges of, respectively, 298-383.15 K, up to 60 MPa, and up to 6 M, and concluded that this model can predict CH 4 -brine mutual solubilities with an average mean relative error less than 5%. All simulations presented here fall within these ranges of temperatures, pressures, and salinities.
The thermodynamic properties of the fluids and fluid mixtures depend on the local pressure and temperature (Table 1 ). The pressure is obtained by solving the mass balance equations for each component (equation (1)). A pressure gradient of 12 kPa/m, obtained from drill-stem tests used to determine the production potential of several wells in the St. Lawrence Lowlands , is used as the initial condition. No energy balance is included in the system of equations as energy transport is assumed to have a negligible effect on the mass transport processes considered in this model (which depend more on changes in pressure than changes in temperature). Nonisothermal simulations conducted for several selected scenarios confirmed the negligible influence of thermal effects (i.e., Joule-Thomson cooling) on the results and discussions presented here. A geothermal gradient of 24.18C/km, with an average ground temperature of 88C (281.15 K), obtained from bottom-hole temperature data from petroleum and gas exploration drill-holes in the St. Lawrence Lowlands [Majorowicz and Minea, 2012] , is used in the model to define the liquid-phase and gas-phase properties and compositions.
Mechanical dispersion is also not taken into account, since there were no available data to be used in the model. Mechanical dispersion would lead to lower mole fractions (or concentrations) and a larger spreading of the contaminant plume front. The pore compressibility @e @t is also neglected in this model which implies that mass storage due to a change in matrix volume is not taken into account.
Spatial Discretization
The geological formations are assumed laterally homogeneous such that fluid flow is radially convergent toward the well. The full three-dimensional domain can therefore be represented by a cylindrical wedge (Figure 3 ), whose length (radius) and height are 1000 and 950 m, respectively. The domain is discretized with 108,000 hexahedral elements (250 3 1 3 432 in the x, y, and z directions, respectively) with horizontal Water Resources Research 10.1002/2014WR016146 refinement near the well and vertical refinement near the formation interfaces. The surficial aquifer (50 m) is not discretized explicitly in the numerical model but is represented as a boundary condition and in a mixing cell model calculation, which is discussed in the following sections.
Boundary Conditions
The boundary conditions used for the simulations are presented in Table 2 . Since the numerical model used for this work takes into account the flow and transport of only two phases and two components (brine and methane), the simultaneous flow of brine and freshwater cannot be simulated. To account for the surficial freshwater aquifer, a fixed pressure equal to the hydrostatic pressure of freshwater (q 5 1000 kg/m 3 ) is set for the flow boundary condition of the liquid phase at the surface of the grid (top of Lorraine Group). The choice of this boundary condition (i.e., constant liquidphase pressure) was tested by conducting simulations considering an aquifer (k 5 10 3 mD and e 5 30%) with the same salinity as the formations (i.e., 150 g/L). The results showed no perturbation of the pressure at the base of the aquifer. This is due to the fact that the aquifer is permeable and porous and it exhibits no resistance to the flow of gas and brine. For the transport of methane, a free exit (outflow) boundary is prescribed, which allows meth- ane to leave the domain and enter the aquifer.
Shale gas resources, such as those in the Utica shale, are trapped within their own organic-rich shale source rocks due to their low porosity and permeability. The natural potential gradient (rp a 2q a g) in the St. Lawrence Lowlands produces an upward advective driving force for the gas phase due to buoyancy forces. Under these conditions, the only possible transport process for methane between the Utica shale and its underlying formation (Trenton Group) is by advection and diffusion of the dissolved methane. Advection and diffusion of methane in water is very slow under these conditions and can be considered negligible over the time scales considered here. A no-flow boundary condition is therefore prescribed at the base of the Utica shale for the transport of methane. For flow and transport of brine on this boundary, either a constant pressure equal to the initial pressure or a no-flow boundary condition could have been used. Simulations conducted to analyze the effect of these boundary conditions on the flow of gas and formation fluid at the base of the aquifer showed a low sensitivity to the choice of the lower boundary condition. Therefore, a simple no-flow lower boundary condition was applied.
For the vertical boundary at r 5 0.1 m representing the wellbore, a no-flow boundary condition is also set for the transport of each component. No fluid exchange is allowed between the casing annulus and the wellbore since the well is assumed perfectly cased (with no casing corrosion or failure) and all perforated zones of the casing annulus are assumed completely cemented before decommissioning and abandonment of the well.
The vertical boundary at r 5 1000 m is far enough from the wellbore to have no influence on the flow and transport of methane and brine around the well and along the casing annulus. Fixed liquid pressure and gas saturations equal to the initial hydrostatic conditions are therefore set on this boundary.
Since homogeneous properties are assumed for each layer, the flow of fluids around the well will be radially symmetric and the remaining two vertical boundaries of the wedge are implicitly assumed no-flow.
Material Properties
Each porous medium in the domain (cement seal and the two geological formations) is assigned a porosity e and permeability k, while a capillary model must also be defined. The details of these parameters are Table 3 .
The casing annulus is simulated as an equivalent porous medium, initially saturated with brine. The effective permeabilities and porosities were selected in order to cover the range of values presented by Bachu and Bennion [2009] , Gasda et al. [2013] , and Tao and Bryant [2014] . The minimum and maximum considered values are 20% and 45% for the porosity e and 10 23 to 10 3 mD for the equivalent permeability k (Table 4 ). The minimum values represent a good cementation whereas the maximum values correspond to an inadequate or partial cementation.
Capillary pressure and relative permeabilities in the casing annulus are calculated as a function of saturation using the Brooks and Corey [1964] model. The parameters of this model (p e , S irl , S rg , and k) for different configurations of the casing annulus are presented in Table 4 . To define these parameters, three steps were followed: (1) ffiffiffiffiffiffiffi k=e p ) was used to scale the gas capillary entry pressure for the different casing annulus configurations. The residual gas saturation S rg is by definition the volume fraction of gas that is immobilized due to capillary effects after a flow reversal (from drainage to imbibition). The presence of an imbibition saturation path leads to snap-off and, subsequently, trapping of the gas phase. However, in the simulations presented here (except for one case), the gas-phase saturation increases continuously in time along the casing annulus in a drainage-like process. Since gas cannot be trapped during drainage, the residual gas saturation was set to zero in the simulations.
In the previous analyses, the gas capillary entry pressure for the different casing annulus configurations is scaled by means of the Leverett J-function, using the entry pressure of a class G oil-well cement sample. In the case of adequate casing cementation, where flow and transport of gas and brine in the casing annulus occur within the cement matrix, the application of the Leverett J-function is justified. However, in the case of poor casing cementation, where flow and transport occur within the discontinuities (i.e., microannular fractures, gaps and channels), the entry capillary pressure, the irreducible liquid-phase saturation, and the pore size distribution index may differ from the estimated values of Table 4 (the entry pressure and the irreducible liquid phase could be lower than the estimated values). To investigate the effect of these parameters on methane and formation fluid leakage, sensitivity analyses for three configurations of the casing annulus (k c 5 10, 10 2 , and 10 3 mD) were conducted considering the entry pressure p e and the irreducible liquid phase S irl were equal to zero and the pore size distribution index k was equal to 3. Typical values of the pore size distribution index k are in the range of 0.2-3. As the estimated value of 0.8 was close to the lower bound of the range of k, this parameter was set to 3 in the sensitivity analyses to significantly modify the liquid and gas relative permeabilites. These changes (i.e., p e 5 0, S irl 5 0, and k 5 3) reduce the capillary pressure (p c 5 0) and the gas phase relative permeability k rg and increase the liquid phase relative permeability k rl .
Limited data were available in the literature for the porosity and permeability of the Lorraine Group and Utica shale. S ejourn e et al. [2013] indicate that porosity e and permeability k in the Lorraine Group range from 1 to 5% and 10 29 to 10 25 mD, respectively, and in the Utica shale they range from 1 to 6% and 10 29 to 10 23 mD, respectively. The permeability varies by several orders of magnitude, indicating that the formations are highly heterogeneous. The range of values for the porosity and permeability of the Lorraine Group and Utica shale is consistent with the ranges reported in the literature for other barrier rocks and shale formations at different locations worldwide (Table 3 ).
The hydraulic fracturing process increases the initial permeability of the Utica shale by several orders of magnitude to create fractures through which the gas can flow. However, this high permeability decreases during production due to the depletion of the reservoir and the associated pressure drawdown [Heller et al., 2014; Chen et al., 2014] . The production curves of several shale plays in the U.S. reveal that the production rate decreases with time and tends to reach a constant rate after several years (see U.S. Energy Information
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Administration (EIA), [2011] for several examples of production curves). It could therefore be concluded that the permeability of the shale formation also decreases and tends to a constant value after several years of production. A literature review revealed no information on the state of the shale permeability at the end of production (i.e., if it is greater than or equal to the initial permeability). We therefore assumed that the hydrodynamic properties of the shale formation tend to their initial values at the moment of abandonment and remain constant thereafter. The impact of any increase in the hydrodynamic properties of the Utica shale, on the migration of methane and brine along the casing annulus, is discussed by conducting simulations considering a wide range of porosities and permeabilities reported for the Utica shale and shale gas formations in other regions.
For the Lorraine Group and Utica shale, capillary pressure and relative permeabilities were also calculated as a function of saturation using the Brooks and Corey [1964] model. Due to lack of data for the capillary and displacement properties, the semianalytical correlations of Huet et al. [2005] , which relate the Brooks and Corey model parameters to porosity and permeability, were used to determine the values of the gas entry pressure p e and the pore size distribution index k. Similar values of the gas entry pressure p e were also obtained using the empirical models of Thomas et al. [1968] and Hawkins et al. [1993] . Since no data were available for the irreducible liquid and residual gas saturations in the Utica shale and Lorraine Group, they were assumed equal to 20% and 0%, respectively, for all simulations. The irreducible liquid saturation is calculated from the maximum gas-phase saturation (80%) reported for these formations [S ejourn e et al., 2013] . A sensitivity analysis revealed that the results presented here are more sensitive to the difference between the formation's gas saturation S g and its residual saturation S rg (i.e., saturation of mobile gas) than to the individual values of S g and S rg . For example, almost the same results were obtained considering initial and residual gas saturations in the Utica shale of, respectively, 30% and 0%, 40% and 10%, and 50% and 20% (all of which contain 30% mobile gas). Therefore, the residual gas saturation is not considered directly in the Brooks and Corey model, however, its effect is lumped into the value of the initial gas saturation considered in the simulations (see section 4.5 for further discussions).
Simulation Strategy
The role of different porous media parameters (porosity, permeability, initial saturation and capillary and displacement parameters) on the migration of gas and formation fluid along the casing annulus was a e is the porosity, k is the permeability, S g is the initial gas saturation, p e is the gas entry pressure, k is the pore size distribution index, S irl is the irreducible liquid saturation, and S rg is the residual gas saturation.
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investigated in two steps. First, a series of base-case simulations were conducted where the hydrodynamic parameters of the target Utica shale and casing annulus were varied. Additional simulations were then conducted to study the effect of caprock (Lorraine Group) integrity, the effect of initial saturations of the Lorraine Group and Utica shale, and the effect of casing annulus capillary and displacement characteristics on the migration of fluids. Subscripts c, u and l are used to distinguish the properties of casing annulus, Utica shale and Lorraine Group, respectively.
In the base-case simulations, the Lorraine Group porosity e l and permeability k l were 2.5% and 10 26 mD, respectively, which corresponds to the median reported values. Three configurations of the Utica shale were considered to cover the range of the porosity and permeability reported for the Utica shale and shale gas formations in other regions (Table 3 ): (A) e u 5 2.5% and k u 5 10 25 mD, which represents a lowpermeability shale, (B) e u 5 5% and k u 5 10 23 mD, which represents a permeable shale, and (C) e u 5 10% and k u 5 10 21 mD, which represents a highly permeable shale. As discussed in section 4.4, these three configurations are characteristic of different shale permeabilities following production. For each configuration of Utica shale, six simulations were conducted, considering six different porosities and permeabilities for the casing annulus: (1) e c 5 20% and k c 5 10 23 mD, (2) e c 5 25% and k c 5 10 21 mD, (3) e c 5 30% and k c 5 1 mD, (4) e c 5 35% and k c 5 10 mD, (5) e c 5 40% and k c 5 10 2 mD, and (6) e c 5 45% and k c 5 10 3 mD. These values correspond to scenarios for good quality and/or well-placed cement as well as poor quality and/or poorly emplaced cement. These combinations lead to 18 simulations labeled A1-A6, B1-B6, and C1-C6 (Table 4) .
A mean gas saturation S g of 60% has been reported for the Utica shale [Duchaine et al., 2013; S ejourn e et al., 2013] . However, a lower initial saturation of 30% is applied in all base-case simulations considering our assumption that the well had been abandoned because of reservoir depletion following a long-term production period. King [2010] , for example, reports that 15%-35% of gas in place is produced over a typical production period. In addition, some of the gas in place is immobilized due to residual trapping (i.e., capillary effects). In the Lorraine Group, the limited available data on gas saturations indicate the presence of methane throughout this formation but primarily at its base, near its contact with the Utica shale [S ejourn e et al., 2013] . With the lack of data on the variation of gas saturation with depth, an initial gas saturation of 
B1-a 20 10 Lorraine Group: e l 5 2.5%, p e 5 2 3 10 7 Pa, k 5 0.8, S irl 5 20%, and S rg 5 0% a e is the porosity, k is the permeability, S g is the initial gas saturation, p e is the gas entry pressure, k is the pore size distribution index, S irl is the irreducible liquid saturation, and S rg is the residual gas saturation.
Water Resources Research
10.1002/2014WR016146
10% is considered for the entire formation. All parameter values applied in the base-case simulations are presented in Table 4 .
In addition to these 18 base-case simulations, a sensitivity analysis investigated the effect of the Lorraine Group porosity and permeability, the Utica shale and Lorraine Group initial saturations, and the casing annulus capillary and displacement characteristics. The sensitivity analyses all assume a Utica shale porosity and permeability of respectively 5% and 10 23 mD (configuration B in the base-case simulations). For all configurations of the casing annulus (k c 5 10 23 , 10 21 , 1, 10, 10 2 , and 10 3 mD), simulations are conducted considering an impermeable Lorraine Group (B1-a-B6-a), a higher initial gas saturation S g of 20% in the Lorraine Group (B1-b-B6-b), and a higher initial gas saturation S g of 60% in the Utica shale (B1-c-B6-c). For the casing annulus k c 5 10, 10 2 , and 10 3 mD, simulations are conducted considering an entry pressure p e 5 0, an irreducible liquid saturation S irl 5 0 and a pore size distribution index k 5 3 for capillary and displacement characteristics of the casing annulus (B4-d-B6-d).
All parameter values applied in the sensitivity analysis are presented in Table 5 .
Results
In this section, the results of the base-case simulations are first presented and discussed in detail. Then, the results of the sensitivity analysis are presented to better illustrate the role played by the porosity and the permeability of the Lorraine Group, the initial gas saturations of the Utica shale and Lorraine Group, and the capillary and displacement properties of the well casing annulus on the migration of methane.
All simulations were conducted for 100 years. For each simulation, the resulting pressures, mass fractions and saturations were used to calculate the methane and brine mass flow rates from the production wellcasing annulus at the base of the aquifer (red circle in Figure 2 ). The calculated mass flow rates discussed in the following sections represent the sum of the advective and diffusive flow rates of each component, although the advective component always dominates. Moreover, to compare the results with observed volumetric flow rates of surface casing vent flows (SCVFs), the simulated methane and brine mass flow rates are divided, respectively, by the density of methane (q CH4 5 0.67 kg/m 3 ) and brine (salinity 5 150 g/L, q b 5 1110 kg/m 3 ) under standard conditions (i.e., p 5 100 kPa and T 5 208C).
Base-Case Simulations
The temporal evolution of the volumetric methane and brine flow rates (Q m and Q b , respectively) at the base of the aquifer is shown in Figures 4a, 4b , and 4c for the 18 base-case simulations (three permeabilities of Utica shale k u 5 10 25 , 10 23 , and 10 21 mD, and six equivalent permeabilities of the casing annulus cement k c 5 10 23 , 10 21 , 1, 10, 10 2 , and 10 3 mD). The reported range of observed SCVFs from shale gas wells in Quebec, Canada (Lamontagne, personal communication, 2014) is also shown as a reference (gray rectangles), as well as the regulated threshold for maximum SCVFs in Alberta (300 m 3 /d) above which immediate repair action is required.
To better illustrate the simulation results, the liquid-phase pressure p l , and gas-phase saturation S g along the casing annulus, from the bottom of the aquifer (z 5 250 m) to the top the Utica shale (z 5 2800 m), at four simulation times in three of the simulations (A3, A4, and A6) are also represented in Figure 5 . Similar results were obtained for other simulations but are not shown here. Flow rates at seven simulation times (t 5 1, 5, 10, 20, 50, 75, and 100 years) are presented for each simulation in Table S1 (see supporting information).
Gas Flow
All simulations produced methane leakage at the base of the aquifer. However, the source of gas exiting the base of the aquifer, leakage evolution over time and long-term methane leakage rates are controlled by the hydrodynamic properties of the geologic formations and of the casing annulus.
For the simulations with the relatively lowest casing annulus permeabilities k c 1 mD (simulations A1-A3, B1-B3, and C1-C3), the results indicate no influence of Utica shale permeability on the methane flow rates at the base of the aquifer (Figure 4) . The methane leakage rates Q m are approximately 1.0 3 10 26 , 3.2 3 10 25 , and 2.9 3 10 24 m 3 /d after 100 years for simulations 1, 2, and 3, respectively (identical for cases A, B, and C). The methane flow rate increases over the first few years and later remains almost constant (Figure 4) . The saturation of the gas phase at the base of the aquifer is 10% after 100 years for these simulations (for example, see Figure 5a ). This value corresponds to the initial gas saturation in the Lorraine Group. Table S1 for methane and brine flow rates.
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Figure 5. Base-case simulations. Liquid-phase pressure profiles and gas-phase saturation profiles along the cement from z 5 2800 m (top of Utica shale) to 250 m (base of the aquifer) for four simulation times from simulations (a) A3, (b) A4, and (c) A6. Utica shale initial gas saturation S g 5 30%. Lorraine Group permeability k l and initial gas saturation S g are 10 26 mD and 10%, respectively.
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From the gas-phase saturation profiles of simulation A3 (Figure 5a ), two zones of increasing gas saturation in the casing annulus can be observed. First, an increase starts in the upper part of the casing annulus (for example, at elevations between 250 and 2200 m after 5 years) which is a result of methane migration from the Lorraine Group. It should be noted that the solubility (i.e., equilibrium mole fraction) of methane in brine increases with depth (i.e., with an increase in pressure) and therefore more methane has to dissolve in the liquid phase before appearance of the gas phase. Consequently, the gas phase appears first in the upper portion of the casing annulus. The second zone of increasing gas saturation starts in the lower part of the casing annulus which is the result of methane migration from the Utica shale (for example at elevations between 2750 and 2800 m after 5 years). As can be seen, the migration of methane from the Utica shale significantly changes the shape of the saturation profiles in the casing annulus, due to higher permeability (10 25 mD compared to 10 26 mD in Lorraine Group) and higher gas-phase saturation in this formation (30% compared to 10% in the Lorraine Group). This change can be used to estimate the vertical methane migration distances in the casing annulus from the top of the Utica shale after 100 years, which are about 10, 90, and 410 m, respectively, for simulations 1, 2, and 3, in each of the A, B, and C cases (considering the top of the Utica shale at z 5 2800 m as the reference). These analyses show no trace of gas from the Utica shale at the base of the aquifer and we can thus conclude that for the 100 year simulation time, and for the simulations with casing annulus permeabilities k c 1 mD, the Lorraine Group is the source of leaking methane at the base of the aquifer.
For casing annulus permeabilities k c ! 10 mD (simulations A4-A6, B4-B6, and C4-C6), the results indicate two step-increases of methane flow rates at the base of the aquifer. As can be seen from the gas saturation profiles in Figure 5b , the first increase is due to the migration of methane from the Lorraine Group while the second represents the arrival of gas coming from the deeper Utica shale ($20 years for simulations 4, $2 years for simulations 5, and $5 months for simulations 6, in each of the A, B, and C cases). The Utica shale permeability had a negligible effect on the second arrival time (identical for cases A, B, and C; Figure  4 ). For these permeabilities of the casing annulus, the permeability of the Utica shale has a critical influence on the methane flow rates at the base of the aquifer, as evident from Figure 4 . It can be concluded that, for the same permeability of the casing annulus cement, the higher the permeability of the Utica shale, the higher the methane leakage rate. Moreover, in the case of a low-permeability Utica shale (case A, k u 5 10 25 mD; Figure 4a ), the (low) permeability of this formation seems to control the gas flow rates at the base of the aquifer, with the highest casing annulus permeability having less effect (ex., the long-term gas flow rates in simulations A5 (k c 5 10 2 mD) and A6 (k c 5 10 3 mD) are almost the same).
The temporal evolution of the methane flow rate in simulation A6 shows a different behavior compared to other simulations. The leakage rate increases rapidly to its maximum value in the first few months and then decreases continuously with time ( Figure 4a ). This behavior is due to rapid leakage through the casing annulus and very slow leakage within the adjoining Utica shale formation. In this simulation, the transport of methane in the casing annulus is first controlled by the high gas-phase pressure in the Utica shale. However, the gas-phase saturation, and therefore the gas-phase pressure, decreases rapidly in the Utica shale (due to fast gas flow in the casing annulus). The decrease in pressure reduces the mass of methane entering the casing annulus (dissolved in the liquid phase or as the free gas phase) which consequently reduces the flow of methane at the base of the aquifer.
The saturation profiles of simulation A4 (Figure 5b) show an important amount of gas phase at the base of the aquifer after 100 years. This is due to the strong impact of pressure and temperature on the density of the gas and the composition of the liquid phases. As illustrated by the pressure profiles (Figure 5 ), the pressure decreases in the casing annulus once it is drained by the gas phase. The reduction of the pressure:
(1) significantly decreases the gas-phase density and causes a faster upward migration of this phase (due to the buoyancy force), and (2) releases some of the dissolved methane in the liquid phase.
Brine Flow
For simulations with casing annulus permeabilities k c 1 mD (simulations A1-A3, B1-B3, and C1-C3), the brine flow rate at the base of the aquifer increases until it reaches a maximum ($1 3 10 27 m 3 /d for simulations 1, $1 3 10 25 m 3 /d for simulations 2, and $5 3 10 25 m 3 /d for simulations 3, in each of the A, B, and C cases) and then decreases continuously, as evident from Figure 4 . As can be seen from the liquid-phase pressure profiles of Figure 5a , the increase in the brine flow rate is due to the increase of pressure in the casing annulus as a result of methane migration mainly from the Lorraine Group (in these simulations, migration of methane from the Utica shale is very low along the casing annulus). It should be noted that the
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liquid-phase pressure remains constant at the base of the aquifer (see section 4.3 for complete discussion) and therefore, any increase of the pressure gradient at the base of the aquifer with time results in an increase in the brine flow rate. At the base of the aquifer, the brine flow rates increase until the gas phase appears ($5 years for simulations 1, $3.5 years for simulations 2, and $3 years for simulations 3, in each of the A, B, and C cases). After the appearance of the gas phase, the brine flow rate decreases continuously due to the successive increase of the gas-phase saturation with time (e.g., saturation profiles at t 5 10, 20, and 100 years in Figure 5a ). The liquid flow rates after 100 years are approximately 2 3 10 28 , 1 3 10 26 , and 9 3 10 26 m 3 /d for simulations 1, 2, and 3, respectively (identical for cases A, B, and C).
For casing annulus permeabilities k c ! 10 mD (simulations A4-A6, B4-B6, and C4-C6), the brine flow rates show (except simulation A6): (1) an initial increase due to the migration of methane from the Lorraine Group, (2) a second increase until the maximum brine flow rate is reached which represents the time at which the gas coming from the Utica shale reaches the base of the aquifer ($20 years for simulations A4-C4, $2 years for simulations A5-C5 and $5 months for simulations A6-C6), and (3) a continuous decrease due to the increase of gas-phase saturation in the casing annulus at the base of the aquifer. The first increase continues until the appearance of the gas phase sourced from Lorraine Group at the base of the aquifer. The second increase is due to the fact that the gas phase sourced from the Utica shale expands during its upward migration along the casing annulus and therefore, greater volumes of brine have to leave the casing annulus. As the exchange of brine between the casing annulus and the Lorraine Group is very slow due to the low permeability of this formation (k l 5 10 26 mD), more brine should therefore also be released into the aquifer and therefore the brine flow rate increases. As can be seen from Figure 4 , in contrast to the methane flow rates that showed significant increases with an increase in the permeability of the Utica shale, the brine flow rates seem to be less sensitive to the permeability of the Utica shale (except for simulation A6 that shows a different behavior compared to simulations B6 and C6).
The brine flow rate of simulation A6 shows a change in the flow direction at the base of the aquifer between 1 and 23 years ( Figure 4a ). As explained above (section 5.1.1), the amount of gas entering the casing annulus decreases with time in this simulation. This reduction decreases the gas-phase saturation in the casing annulus and consequently increases the accessible pore space for the liquid phase (Figure 5c ). The accessible pore space can be filled by either the liquid phase from the aquifer and/or from the Lorraine Group. Since the exchange of brine between the casing annulus and the Lorraine Group is very slow (due to the low permeability of this formation, k l 5 10 26 mD), the flow of brine becomes downward from the base of the aquifer into the well casing annulus. Once the accessible pore space is filled with liquid phase, the pressure starts increasing in the casing annulus and therefore the brine flow rate becomes upward (the pressure after 100 years is slightly higher than the pressure after 10 years in Figure 5c ).
Sensitivity Analysis
The temporal evolution of the volumetric methane flow rates Q m at the base of the aquifer for (a) an impermeable Lorraine Group, (b) a higher initial gas saturation S g of 20% in the Lorraine Group, (c) a higher initial gas saturation S g of 60% in the Utica shale and (d) different capillary and displacement characteristics for the casing annulus (i.e., entry pressure p e 5 0, irreducible liquid saturation S irl 5 0 and pore size distribution index k 5 3), are shown in Figures 6a, 6b , 6c, and 6d, respectively. For scenario a, b and c, six simulations were conducted considering six different permeabilities for the casing annulus: k c 5 10 23 , 10 21 , 1, 10, 10 2 , and 10 3 mD. For scenario d, only three simulations were conducted considering casing annulus permeabilities of k c 5 10, 10 2 , and 10 3 mD. The Utica shale permeability k u is 10 23 mD in all simulations (case B in the base-case simulations). Since the order of magnitude of the calculated brine flow rates was very close to the base-case simulation results, only the methane flow rates are presented and discussed in this section. For each simulation, the methane flow rates Q m at seven simulation times (t 5 1, 5, 10, 20, 50, 75 , and 100 years) are presented in Table S2 (see supporting information).
The results of the base-case simulations showed that the methane leakage rates can be divided into two categories depending on the permeability of the casing annulus: (1) casing annulus permeabilities k c 1 mD where the Utica shale has no effect on the leakage rates, and (2) casing annulus permeabilities k c ! 10 mD where the Utica shale has a critical influence on the leakage rates. These categories are used to discuss the results of the sensitivity analyses. Moreover, for a better comparison with the results of the base-case
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simulations B1-B6 (shown as gray curves in Figure 6 ), only the first 50 years of the simulations are presented in Figure 6 .
Casing Annulus Permeabilities k c £ 1 mD
In the case of an impermeable Lorraine Group, no trace of methane can be detected at the base of the aquifer after 100 years, as shown in Figure 6a (simulations B1-a-B3-a). In the base-case simulations (section 5.1.1), where a low-permeability k l of 10 26 mD and an initial gas-phase saturation S g of 10% were assumed for this formation, the source of methane leaking into the base of the aquifer was the Lorraine Group. From these results, it could be concluded that, for the 100 year simulation time, Utica shale properties have no effect on the leakage of methane and hence the leakage of methane into the aquifer is only controlled by the properties Table S2 for methane flow rate values.
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of the Lorraine Group and casing annulus. This conclusion was once more confirmed by simulation results conducted with higher gas saturations in the Lorraine Group and Utica shale. As can be seen from Figures 6b and 6c, a higher gas saturation in the Lorraine Group (Figure 6b , simulations B1-b-B3-b) increases the methane flow rates while a higher gas saturation in the Utica shale has no effect on the methane flow rates at this position (Figure 6c , simulations B1-c-B3-c). Figure 6b shows that an increase in the initial gas saturation of the Lorraine Group by a factor of 2 increases the gas flow rates after 100 years by 3.8 3 10 , and 1 mD, respectively. The higher flow rates and faster arrival times in these simulations, compared to the simulations B1-B3, are clearly due to higher gasphase pressure and mobility (higher gas-phase saturation) in the Lorraine Group.
Casing Annulus Permeabilities k c ! 10 mD
In the case of an impermeable Lorraine Group (Figure 6a) , methane reaches the base of the aquifer after approximately 17 years, 1.5 years, and 3 months for simulations B4-a, B5-a, and B6-a, respectively. The methane flow rates Q m after 100 years are 0.38, 4.9, and 20.2 m 3 /d for these simulations, respectively. The travel time for methane from the Utica shale to the aquifer is slightly less than the second methane arrival time in the simulations B4-B6 ($20 years for simulation B4, $2 years for simulation B5, and $5 months for simulation B6), and the methane flow rates after 100 years are slightly higher than the methane flow rates in the simulations B4-B6 (9.1 3 10 22 m 3 /d for simulation B4, 3.8 m 3 /d for simulation B5, and 19.5 m 3 /d for simulation B6). This is clearly due to mass exchange between the formations and between the cement and the Lorraine Group that occurs in the simulations B4-B6, but which is neglected in these simulations.
As can be seen from Figure 6b , a higher initial gas saturation in the Lorraine Group results in a low increase in methane leakage rates, but only before the arrival of methane from the Utica shale. Flow rates after the arrival of methane from the Utica shale are almost the same as the rates in the simulations B4-B6. It should be noted that in these simulations, the permeability of the Lorraine Group (k l 5 10 26 mD) is much lower than the permeability of the Utica shale (k u 5 10 23 mD) and therefore it could be expected that the migration of gas from the Lorraine Group (even at higher gas saturations) cannot significantly increase the methane leakage rate at the base of the aquifer after the arrival of gas from the Utica shale.
The initial gas saturation in the Utica shale seems to have an important influence on the second methane arrival time (the time when Utica shale methane reaches the base of the aquifer) as well as on methane flow rates at the base of the aquifer after this arrival (Figure 6c ). For an initial gas saturation of 60% in the Utica shale the second methane arrival times are about 10 years, 1 year, and 2 months for simulations B4-c, B5-c, and B6-c, respectively. Also, with casing annulus permeabilites of k c 5 10, 10 2 , and 10 3 mD, doubling the initial gas saturation of the Utica shale increases the gas flow rates after 100 years by 0.17, 5.7, and 115 m 3 /d, respectively (Figure 6c ). For the same difference between the initial gas saturations, the higher the permeability of the casing annulus, the higher the methane leakage rate increases. The higher flow rates and faster arrival times in these simulations compared to the base-case simulations are clearly due to higher gas-phase pressure and mobility (higher gas-phase saturation) in the Utica shale.
As explained in section 4.4, the parameters (i.e., p e 5 0, S irl 5 0, and k 5 3) used in the Brooks and Corey [1964] model to describe the capillary and displacement characteristics of the casing annulus in the sensitivity analyses B4-d-B6-d decrease the capillary pressure (p c 5 0) and the gas phase relative permeability k rg in the casing annulus, compared to simulations B4-B6. As could therefore be expected, these decreases in pressure and relative permeability reduced the leakage rates at the base of the aquifer and delayed the second methane arrival time from the Utica shale (Figure 6d ). The second methane arrival time is approx. 30 years for simulation B4-d, 3 years for simulation B5-d, and 8 months for simulation B6-d. The gas flow rates after 100 years are decreased by 0.05, 0.7, and 0.8 m 3 /d for casing annulus permeabilites of k c 5 10, 10 2 , and 10 3 mD, respectively. A detailed sensitivity analysis (on each of p e , S irl , and k) revealed that the lower flow rates and slower arrival times in these simulations are mainly due to lower mobility (S irl 5 0 and k 5 3) of the gas phase in the casing annulus. The decrease of entry pressure p e showed no influence on the results of these simulations.
Discussion
All sets of simulation parameters for the Utica shale produced methane leakage at the base of the aquifer. However, leakage evolution over time and long-term methane leakage rates are controlled by the hydrodynamic properties of the geologic formations and of the casing annulus. The simulations suggest that two categories of casing annulus cementation quality can be defined: (1) adequate cementation with casing annulus permeabilities k c 1 mD and (2) inadequate cementation with casing annulus permeabilities k c ! 10 mD. For cases where the cementation quality is adequate (simulations A1-A3, B1-B3, and C1-C3), the methane leakage rates are insensitive to the permeability of the Utica shale. Therefore, if adequate cementation can be achieved, any increase in the permeability of the Utica shale (for example, as the result of hydraulic fracturing) should have no impact on leakage rates. However, as the cementation quality decreases (simulations A4-A6, B4-B6, and C4-C6), the leakage rates increase significantly. In this case, for a given quality of cementation, for example k c 5 10 3 mD, the higher permeability of the Utica shale increased leakage rates by up to 2 orders of magnitude after 100 years, to almost 1 m 3 /d for simulation A6 (k u 5 10 25 mD) and up to 100 m 3 /d for simulation C6 (k u 5 10 21 mD). From these observations, it could be concluded that if hydraulic fracturing of the shale results in a higher permeability compared to the initial value (i.e., before fracking), the leakage rates will be higher in the case of poor cementation.
Under the given conditions, the simulations show that the arrival time of methane from the Utica shale to the surface aquifer is mainly controlled by the hydrodynamic properties of the casing annulus and is relatively insensitive to the permeability of the Utica shale (Figure 4 ). In the case of poor cementation, the arrival times are between a few months and 20 years. For the highest casing-annulus permeability simulations (simulations A6, B6, C6 with k c 5 10 3 mD), flow rates higher than the detection limit in SCVFs (i.e., 0.01 m 3 /d) are reached within a few months after closure of the well, independent of the Utica shale permeability. In poorly cemented wells, leakage should therefore be observed shortly after well closure.
The sensitivity analyses showed that the Lorraine Group properties (permeability and initial gas saturation) can also affect the methane leakage rates at the base of the aquifer (Figure 6 ) but to a lesser extent than the Utica shale properties. In the case of an impermeable caprock (Lorraine Group) and an adequate cementation, methane did not reach the base of the aquifer within the 100 year simulation time (simulations B1-a-B3-a). For an inadequate cementation (simulations B4-a-B6-a), methane leakage occurs between several months and several years after well closure (e.g., in simulations B4-a and B6-a, methane reaches the base of the aquifer after 17 and 0.25 years (3 months), respectively). A higher initial gas saturation in the Lorraine increases the methane flow rates in the case of adequate cementation quality (simulations B1-b-B3-b), however, gas leakage rates are still very low. For an increase from 10% to 20% in the initial saturation of this formation, the methane leakage rates increase from 2.9 3 10 24 to 3.0 3 10 23 m 3 /d in simulations B3 and B3-b, respectively. For an inadequate cementation (simulations B4-b-B6-b), a higher gas-phase saturation in the Lorraine Group can only increase the methane flow rates (although the leakage values remain low) before the second arrival time of gas from the Utica shale. After the second methane arrival time, the leakage of gas at the base of the aquifer seems to be completely controlled by the Utica shale.
For cases where the cementation quality is inadequate, the sensitivity analyses also revealed that the second methane arrival time and leakage rates after this arrival strongly depend on the Utica shale initial gas saturation (simulations B4-c-B6-c). In simulations B6 and B6-c with initial gas saturations of 30 and 60%, the methane flow rates after 100 years are about 19.6 and 134.5 m 3 /d, respectively. Although an initial gas saturation of 60% is very high for an abandoned well, these simulations are presented here as extreme cases to show the significance of this parameter on methane leakage rates. In addition, all shale gas exploration wells in Quebec, Canada, are only temporarily abandoned and no production has yet been carried out. If the Quebec government eventually decides to not allow shale gas development, these wells will likely be permanently abandoned with high reservoir gas saturations.
The sensitivity analyses on the casing annulus capillary and displacement properties showed that, in the case of inadequate cementation quality, uncertainties in the capillary pressure and relative permeabities (i.e., p e , S irl and k) can affect the second arrival time of gas from the Utica shale but mainly for the low permeability of the casing annulus (k c < 100 mD). The arrival time of gas from the Utica shale increases from approximately 20 to 30 years in simulations B4 and B4-d, respectively. From these results, it can be concluded that, in the case of inadequate cementation quality, the capillary and displacement properties of the casing annulus have a negligible effect on the methane flow rates (i.e., methane flow rates depend more on the porosity and permeability of the casing annulus).
In Quebec, 18 of 29 shale gas exploration wells examined between 2010 and 2013 showed SCVFs and GMs. The SCVFs of 11 of these wells were between 0.01 and 10 m 3 /d (Figure 7a) 2014WR016146 communication, 2014 . For the remaining 7 wells, traces of gas could be detected in the soil around the wellbore. At the time when these wells were tested for SCVF and GM (less than 3 years after their construction), no production had been carried out and they were all temporarily abandoned. To compare these data with the simulated leakage rates, it is important to note that SCVFs are measured at ground level while the simulated leakage rates are calculated at the base of the aquifer. When gas reaches the base of an aquifer, it can migrate into the aquifer and/or, in an unconfined aquifer, could migrate to ground surface. Since methane is buoyant and has a low solubility in water, and because aquifer hydraulic gradients are generally low, most of the gas that reaches the base of an unconfined aquifer will be released into the atmosphere. Under these conditions, the simulated leakage rates should correspond to the range of reported SCVFs.
The leakage rates for simulations A4-A6, B4, B5, B4-a-B4-d, B5-a-B5-d, B6-d, C4, and C5 vary between 0 and 12.2 m 3 /d after 1 year and 0.038 and 18.7 m 3 /d after 100 years. These leakage rates correspond well to the observed SCVFs of shale gas wells in Quebec. Moreover, simulations conducted with a low casing annulus permeability (A1-A3, B1-B3, B1-a-B1-d, B2-a-B2-d, B3-a-B3-d, and C1-C3), regardless of the Utica shale permeability, had very low gas leakage rates, with maximum values up to 3 3 10 23 m 3 /d after 100 years. These values are below the detection limit used for SCVF measurements in Quebec (i.e., 0.01 m 3 /d), which suggests that adequate cementation that does not degrade with time could maintain well integrity and prevent gas leakage. The leakage rates in simulations B6, B6-a-B6-c, and C6 were significantly higher than the reported SCVFs (from 17 m 3 /d after 1 year in simulation B6 to 134.5 m 3 /d after 100 years in simulation B6-c). To ensure that these leakage rates are plausible, 11,394 reported SCVFs of unconventional and conventional wells in Alberta [AER, 2013] and British Colombia (Parsonage, personal communication, 2014) are presented in Figure   Figure 7 . Histogram of reported Surface Casing Vent Flows (SCVFs) of (a) shale gas wells in Quebec, Canada (11 of 28 wells showed a SCVF higher than 0.01 m 7b. As can be seen, 32% of reported SCVFs were higher than 10 m 3 /d. Therefore, configurations of casing annulus and formation hydrodynamic properties likely exist that could lead to leakage rates higher than 10 m 3 /d.
For all scenarios considered, simulated leakage rates remained below the Alberta regulatory threshold of 300 m 3 /d. However, in the case of inadequate cementation in which the leakage rate also depends on the permeability of the shale, a higher permeability of shale could yield higher leakage rates. Moreover, in case of partial cementation, the permeability of the casing annulus k c could even be higher than 10 3 mD, the maximum permeability considered in this work.
With regard to brine leakage, no measurements were available for comparison to the simulated brine leakage rates, the maximum of which are on the order of 10 25 m 3 /d (10 mL/d) to 10 23 m 3 /d (1 L/d) after 100
years. These values are used here in a well-mixed reservoir model [e.g. Gelhar and Wilson, 1974 ] to compute chloride concentrations in an aquifer due to brine leakage from an abandoned well (Figure 8 ). In this model, the chloride concentration in the aquifer depends on the chloride mass flux entering and exiting the aquifer. Assuming perfect and instantaneous mixing, the mass balance for a leaking well in a confined aquifer with no initial mass of chloride is given by: 
Assuming steady state flow, the solution of equations (3) and (4) [Environmental Protection Agency, 2012] , is significantly above the predicted value, as are often natural background levels. While these calculations are simple, they suggest that the leakage rates simulated here are unlikely to cause a major contamination issue. Predictions could be improved by applying an advection-dispersion transport model using the leakage rates and concentration reported in this study as boundary conditions.
The match between the simulated leakage rates and observed SCVFs builds confidence in the simulations. However, there are several limitations in the modeling approach that can affect the results and conclusions and which must be acknowledged: (1) the geological formations are considered homogeneous and isotropic. Hydrogeological systems are generally heterogeneous and hydraulic parameters such as porosity and permeability can vary widely in space and in certain cases in time. Moreover, during hydraulic fracturing, depending on the fracking pressure and on the mechanical properties and ages of the rock, fractures can develop and propagate to different distances in the shale formation (up to several hundred meters; Davies et al. [2012] ). It should be noted that available geomechanical modeling capabilities for fracture generation and propagation are still simplistic [e.g., Fisher and Warpinski, 2012] and it is very difficult to accurately present fracture propagation in numerical fluid flow and transport models, (2) it is assumed that no leakage occurs until after decommissioning as the flow is mainly directed toward the open internal wellbore during the production phase, (3) mechanical dispersion is not taken into account, since there was no available data to be used in the model. Mechanical dispersion would lead to lower mole fractions (or concentrations) and a larger spreading of the contaminant plume front, (4) pressure decreases in the shale due to production and extraction of shale gas and associated fluids is not taken into account, (5) since the geological formations are considered homogeneous, capillary pressure and relative permeabilities in the formations are calculated as a function of saturation using the S-shaped curves of the Brooks and Corey model. An experimental investigation on the capillary and displacement characteristics of different rock types (sandstone, carbonate, and shale) of central Alberta in western Canada [Bachu and Bennion, 2007] revealed that the capillary pressure could be described by the superposition of two or three S-shaped curves if rock samples are heterogeneous and contain different pore size distributions (micro, meso, and macroporosities), (6) the irreducible liquid and residual gas saturations are assumed to be 20% and 0% in the simulations. Proper determination of these parameters for methane-brine systems under in situ conditions is essential for more realistic simulations of fluid migration and trapping. Because of a lack of published data, the authors plan to conduct laboratory drainage and imbibition experiments on samples from the Lorraine Group and Utica shale to define their displacement characteristics. These data will be implemented in future numerical simulations to more accurately describe the flow of gas and brine in these two formations.
Conclusions
Numerical simulations were conducted with the multiphase flow and multicomponent code DuMu x , to assess possible methane and brine leakage rates from a decommissioned shale gas well into a shallow groundwater aquifer. Although the model was not calibrated, it provides estimates of leakage rates and identifies the time and space scales for gas and brine migration along the casing of such wells using a range of realistic geological and hydrogeological data from the St. Lawrence Lowlands, as well as published data on cement quality. The simulations were conducted considering methane as the gas-phase and saltwater (brine) as the liquid phase. The simulations were completed within a 1000 m radially symmetric vertical section composed of 200 m of target shale (Utica shale) at the bottom and 750 m of caprock (Lorraine Group) below a surficial aquifer. A 1000 m deep vertical well is cemented throughout the section.
Although methane leaks at the base of the aquifer for most of the simulations (except for three simulations where the Lorraine group is considered impermeable and the cementation quality is adequate), leakage evolution and long-term methane leakage rates vary widely depending on the scenario. For cases where the cementation quality is adequate (permeability lower than 1 mD), the leakage rates are lower than 0.01 m 3 /d (the minimum reported surface casing vent flow value for shale gas wells in Quebec) and insensitive to the permeability of the Utica shale. However, for poor cementation scenarios (permeabilities higher than 10 mD), the leakage rates are higher than 0.01 m 3 /d and the simulations suggest that a higher permeability of the Utica shale would significantly increase leakage rates. Simulated methane leakage rates compare well with measured SCVFs of 29 shale gas wells in Quebec (Canada) where 11 wells showed leakage rates between 0.01 and 10 m 3 /d. The good fit between the simulated leakage rates at the base of the aquifer and the observed SCVFs suggests that the conceptual model considered in this study is realistic.
The simulation results show that the methane arrival time at the base of the aquifer is mainly controlled by the hydrodynamic properties of the casing annulus. For the poorest cementation scenarios, the maximum flow rates are reached within 1 year after well closure. This means that gas leakage should be observed relatively soon in an observation well located close to a decommissioned or abandoned shale gas well.
The maximum simulated brine leakage rates are on the order of 10 expected under the worst-case leakage scenario, which is significantly below the often recommended aesthetic objective of 250 mg/L for chloride.
